Abstract: Newly industrialized countries face major challenges to comply with the Paris Treaty targets as economic growth and prosperity lead to increasing energy demand. Our paper analyses technological and structural options in terms of energy efficiency and renewable energies for a massive reduction of energy-related CO 2 emissions in Latin America. Brazil and Mexico share similar growth prospects but differ significantly with respect to renewable energy potentials. We identify, how this leads to different transformation pathways. By applying an energy system balancing model we develop normative energy system transformation scenarios across the heating, power, and mobility sectors, including their potential interactions. The normative scenarios rely on three basic strategies for both countries: (1) strong exploitation of efficiency potentials; (2) tapping the renewable energy potentials; and (3) sector coupling and electrification of heat supply and transport. Despite economic growth, significant CO 2 emission reductions could be achieved in Brazil from 440 Gt/a (2.2 t/cap) in 2012 to 0.4 Gt (2 kg/cap) in 2050 and in Mexico from 400 Gt/a (3.3 t/cap) to 80 Gt (0.5 t/cap). Our study shows the gap between existing policy and scenarios and our strategies, which provide an economically feasible way to comply with the Paris treaty targets.
Introduction
According to the Intergovernmental Panel on Climate Change (IPCC), only a reduction of total greenhouse gases (GHG) by 70-95% will increase the probability to keep global warming below the target of 1.5 • C by over 50% [1, 2] . As the energy sector is responsible for more than 78% of total CO 2 emissions between 1970 and 2010 [3] , decarbonizing the global energy system is one major challenge. Expansion of renewable energy technologies is one key strategy towards this goal [4] [5] [6] [7] . While climate action needs a global focus, a global decarbonisation requires a joint effort of all major energy consuming countries.
Investment cycles in the energy system require equally long analysis perspectives. Energy scenarios do just that by analyzing long term transformation pathways, e.g., on a global level by the International Energy Agency (IEA) annual World Energy Outlook, e.g., Reference [8] and their Energy Technology perspectives [9] . Both report series highlight that policy efforts need to be intensified to meet the emission reduction targets. Even their most ambitious scenarios are still largely based on fossil fuels; the projected 15-20 Gt of CO 2 emissions remaining in 2040-2050 are a reduction of 35-50% compared to 2010. However, several studies indicate, that a predominantly renewable energy supply is feasible, and can curb global CO 2 emissions in line with the United Nations emission targets [10] [11] [12] [13] [14] .
In contrast to this global approach, energy policy is mainly shaped on a national level. Tangible measures and targets need to be broken down to the level of decision makers. Newly industrialized countries will have a specific role in energy transition. While the hunger for energy-with growing population and economy-is a challenge in itself, the necessary expansion of energy supply provides a chance for renewable energy technologies at the beginning of the investment cycles. This paper focuses on Brazil and Mexico, the two largest newly industrialized countries in Latin America. Brazil is Latin America's largest country: with 208 Mio inhabitants Brazil globally ranks 5th in population and 9th in gross domestic product (GDP) [15, 16] , with a final energy demand of 9.5 EJ in 2015 [17] . Mexico ranks 11th in global population, with 127 Mio inhabitants and 15th in GDP [15, 16] consuming 5.0 EJ of final energy in 2015 [18] . Both countries expect a strong growth in population, GDP and consequently in energy demand; the IEA calculates a 45% increase in final energy demand for Brazil by 2040 under current policy conditions [17] . This is a tremendous challenge for reducing CO 2 emissions.
Various studies focus on the short or midterm perspective of the energy system globally [19] or in Latin America [20] [21] [22] providing insights for immediate energy policy. However, they lack a long term outlook to create a climate effective strategy for a low carbon energy system. So far, country specific analyses for Latin America mainly address the power sector [23] . Interdependencies between technologies and sectors-e.g., power demand of electric vehicles are mostly not included. Furthermore, only few studies have targeted a 100% renewable energy system. Existing studies focus on European countries [7, [24] [25] [26] [27] [28] or on a global level [14, 29] . However a cross-sectoral approach is vital in a predominantly renewable energy system, where electricity is essential for supplying renewable heat and renewable transport, which in turn can stabilize large shares of fluctuating power.
We address these research gaps in our paper, presenting transformation pathways towards a predominantly renewable energy system on country level through the following research questions: How can national energy systems transform into decarbonized, low risk and economically compatible ones? Which technological and structural options in terms of energy efficiency and renewable energies are available in Latin American countries up to 2050? How will the transformation pathways differ between Brazil and Mexico, reflecting local conditions in terms of climate and renewable energy potentials?
We are adding a long-term outlook until 2050 on the complete energy system, including the interdependencies between power, heat and transport sectors. Our scenarios show, what is technologically and economically feasible under differing geographical and socio-economic conditions. Brazil and Mexico are especially suitable for a comparison: First, both countries represent typical Latin American trends, such as strong and growing urbanization [30] , high demand for electrification and a strong increase in CO 2 emissions per capita [20, 31] . Second, Latin America offers a high overall potential of renewable energies [32] (see also Section 2.3.3).
Third, both countries represent a very broad range of geographical conditions (affecting renewable energy potentials): A tropical, humid climate in Brazil with intermediate solar potential contrasts the sunny, dry climate with high irradiation in the north of Mexico. Last, both countries provide very different starting points for an energy system transformation: Mexico features a predominantly fossil based energy system. More than 90% of the demand was supplied by fossil or nuclear fuels. Mexico owns large oil and gas resources-oil is the most important energy source (52%), with gas accounting for another 32% [33] . Renewable energy supply is low, hydro supplying 10% of the country's electricity and biomass 15% of its heat demand, mainly in traditional applications. Transport is almost entirely fossil fueled. In Brazil hydro supplied 75% of power, while bioenergy served for 44% of heat demand and 15% of fuel demand [8] . All these conditions will influence strategies for a predominantly renewable energy supply.
After introducing the scope of our paper, the next section gives an overview of renewable energy prospects for both countries. We introduce our modeling and scenario approach in Section 2, including the relevant input parameters and data. Section 3 presents our modeling results, describing transformation pathways for both countries on a sector level and discusses efficiency improvements as well as different ranges of the renewable energy development in both countries. We discuss the results in Section 4 and conclude with an outlook on relevant strategies for newly industrialized countries to mitigate CO 2 emissions from the energy sector.
Prospects for Renewable Energy in Mexico and Brazil
Mexico: After the COP21 conference, Mexico proposed to reduce its GHG emissions by 25% and 50% until 2030 and 2050, respectively, both compared to the value in 2000 [34] . The country has recognized the potential and importance of an expansion of renewable energies: A detailed overview of their current status and energy policy such as the Law for the Use of Renewable Energy is provided in [35] . Several studies demonstrate significant potential of photovoltaics (PV) [36] or wind [37, 38] and the feasibility and viability of a renewable power supply [6, [39] [40] [41] . In contrast other end use sectors are only rarely analyzed yet, e.g., transport from an air pollution perspective [42] .
A cross-sectoral perspective has rarely been targeted up to now, e.g., for biomass [43] , which could provide up to 2 EJ by 2030. The World Bank shows, that decarbonisation of electricity supply based on wind, biomass, geothermal and hydro power is cost efficient [41] . Combined with efficiency measures 200 Mt CO 2 equivalents (eq) could be avoided by 2030. Research and policy action for renewable energy has significantly increased in the last ten years [35, 44, 45] . By now, renewable energy plays an important role in the midterm energy strategy increasing the renewable share to 46% by 2035, mainly from wind and PV [44, 46, 47] .
Brazil: As one of the global leaders in renewable energy development, Brazil ranks 2nd in hydropower capacity and biofuel production and 5th in solar heat capacity, with hydro and biomass being the backbone of the energy system. However, during the last years the hydro based power sector faced a crisis, also due to its vulnerability to droughts [48] ; here climate change provides additional challenges [49] . This resulted in an expansion of "new" or "non-conventional" renewables and thermal capacity.
Various renewable technologies have good prospects in the Brazilian energy system in the next decade [48] and across a series of scenarios [50] . Biomass is a key resource in the Brazilian energy system, accounting for 30% or primary energy in 2014 [51] . As a biomass pioneer, research has particularly addressed biofuels and the large scale use of sugar cane residues since the 1970s [52] [53] [54] [55] : Bioethanol for transport has been strongly developed and is now competitive. Recent research is focusing on environmental and social impacts of biofuel production and use [4, [56] [57] [58] [59] [60] . While these broad and deep insights in biofuels identify good prospects for biofuels in Brazil, they lack integration with the overall energy system.
Large potentials of cost efficient wind and photovoltaic (PV) [61] [62] [63] [64] [65] exist for the power sector, as well as for Concentrated Solar Power (CSP) [66] . Wind is expected to deliver up to 10% of power supply by 2020 [67, 68] . CSP is seen as a dispatchable and climate friendly power source e.g., with large potential particularly in the north east of Brazil [66, [69] [70] [71] [72] [73] . Besides, recent studies suggest that the current hydro based power system can balance high shares of fluctuating renewables, without increasing demand for fossil back up power plants [48, [74] [75] [76] .
A variety of scenario studies explored scenarios across the whole Brazilian energy sector up to 2030 [50, 77] or even 2050 [32, 78, 79] . Often, these studies apply optimization models featuring a forecasting approach and assessing emission mitigation perspectives. Even though several studies explore a 100% renewable power sector, none of the studies completely phases out fossil resources for heat and transport. In most of these explorative studies, the energy system fails to reduce GHG emissions to a level well below 1990's level. Only scenarios targeting a CO 2 limit and including carbon capture and storage (CCS) technologies-a technology whose sustainability is still under debate [80, 81] -manage to fully abate CO 2 emissions.
Brazil has already developed a broad portfolio of policy measures accelerating the development of "new" renewable energies across the power, heat and transport sectors [82] . Starting in 2004 with the PROFINA program [83, 84] , Brazil's government has developed specific midterm energy planning until 2030 [85] , including efficiency development but still a doubling of oil and gas consumption as well as an increase in coal and biomass/biofuels. More recently, the Brazilian government updated the energy plans until 2050 [86] which expects a strong increase in demand. Prospects of renewables changed significantly, projecting a transition towards electric and biofuel vehicle fleet and 20% of buildings equipped with solar collectors. The plan includes over 100 GW of PV installations, 5 GW of distributed biomethane and 650 TJ of solid biomass by 2050.
Still, the political agenda lacks a cross-sectoral and midcentury perspective, acknowledging interdependencies between heat, transport and power sectors, and connecting it to the targeted emission reduction. All the above mentioned studies focus on very detailed insights in either sector or technology field and lack in the overarching long-term concepts for the integrated renewable energy system. However, their detailed insights provide an important input into our cross-sectoral strategies targeting a predominantly renewable energy system in 2050.
Objective
Most of the above mentioned scenario studies call for higher CO 2 mitigation and stronger climate policy in order to achieve the globally necessary reduction targets. None of the described studies either for Mexico or Brazil considers extensive transformation towards a predominantly renewable energy system, which could, in contrast to the above mentioned efforts, reduce CO 2 emissions of the energy system significantly below the 1990 starting value. Even though some of the above mentioned studies on the power sector already suggest a potential for a 100% renewable power sector in Brazil, all scenarios still rely on a significant share of fossil power production and neglect the advantages of integrating the power, heat and transport sectors. The analysis of previous research clearly shows that an additional approach is necessary to tackle the decarbonisation of the energy system.
Explorative scenarios are driven but also constrained by cost minimizing objective functions. Therefore normative scenarios are required to better understand the transformation potentials of energy system. Assessing targets for the future energy system and developing the transformation backwards (back-casting) helps to identify challenges and needs along the transformation pathway. Normative scenarios as employed here are not a prognosis but visions of what is feasible; a combination of explorative and normative scenario approaches is complementary and addresses different objectives [87] . Our study complements the explorative forecasting scenarios with a normative perspective (see Section 2.2) on what is necessary to achieve the targeted reduction of CO 2 emissions, both in Brazil and Mexico.
Materials and Methods
Our study relies on an energy system simulation model for developing normative scenarios for the future energy system up to 2050. Both countries' simulations are based on the same modeling structure, applying country specific data.
Energy System Simulation Model
Brazil's and Mexico's national energy systems are represented within the energy simulation model PlaNet, part of the energy and environmental planning package Mesap [88] . PlaNet provides a bottom up accounting framework for the calculation of energy system balances from demand to primary energy supply. Drivers of energy consumption such as GDP and population are externally defined for the simulation. Demand for energy services such as useful heat for space heat and processes, electricity demand and transport services are determined via intensities (e.g., electricity consumption per person, industrial heat demand per GDP). The model disaggregates final energy demand into sectors ( Figure 1 ): Industry, transport and residential & services etc. Furthermore, the conversion sector is taken into account, including power supply, district heat and fuel production. A set of energy technologies represents each sector, disaggregated by fuel input-e.g., coal, gas, oil, and biomass burners for heat generation in the industry sector. Sectoral integration is addressed via Combined Heat and Power production (CHP), electric heating, power-to-fuels technologies, and electric mobility. Thus overall primary energy is calculated as the sum of useful energy, disaggregated by market shares of each technology multiplied with the specific efficiency of a technology in each sector and in turn multiplied with the efficiency of the transformation technology of each fuel type as described in the following equations:
where TFD = total final energy demand s = a specific energy sector t = a specific technology of a sector, MS = market share of a technology in a sector, UED = total useful energy demand of a sector, η = efficiency of a technology. TPE = total primary energy demand of a country f = fuel type tt = transformation technology Backbone of the model is a technology database for power, heating and mobility technologies, which are summarized in Figure 1 . Technology datasets contain efficiencies, fuel input and corresponding emission factors as well as allocation factors (e.g., heat-to-power ratios for combined heat and power production). A full set of these parameters for each country can be found in the Supplementary Material (S1).
Additionally the database includes full load hours and investment & operation cost for the calculation of capacities and power generation costs, which are described in the data Section 2.3. However costs for additional infrastructure such as storage or grid extension are not considered in the model. The datasets are based on previous long term scenario development on national level [89] as well as on international level [90] [91] [92] . Technology and cost parameters are adapted to Brazil and Mexican conditions according to Section 2.3.4. Model outputs are final and primary energy demand distinguished by resource, sector and/or field of application, CO 2 emissions and levelized cost of electricity (LCOE).
For Brazil, the power sector was separately modeled and validated by coupling the simulation model to the power optimization tool REMix (for details of the methodology see [28, 93] ). The REMix model for Brazil was adapted from previous studies [72, 94] . For our study it was applied in a one year optimization run for the target year 2050. Details on the optimization results are presented in [95] . This validation ensures that all power demand is supplied sufficiently at 8760 h in 2050, considering historic load and weather data. For Mexico no REMix application was available. We therefore applied a capacity factor approach, matching peak load with secured capacity at the same level as today. Capacity factors are based on statistical values from [96] : wind 24%, PV 10%, hydro 37%, nuclear 73%, all others 50%.
Scenario Approach
We develop normative scenarios for the future energy system of both countries, applying the Mesap model. We combine current trends and developments in Brazil and Mexico with future targets and renewable energy potentials, to identify necessary and plausible investments to achieve emission reduction.
First we define targets for the national future energy system in 2050. We translate the global reduction target of 70-95% GHG emissions [1] to 10 Gt/a by 2050, of which we allocate a maximum of 5 Gt/a of CO 2 to the global energy system [2, 5, 11, 97] . This converts to less than 0.6 t/cap of CO 2 per year from the energy sector for a global population of 9.55 Bill. cap in 2050 [15] . We set this as the upper limit for the normative scenarios in Mexico and Brazil in 2050.
Next, we identify available projections of future energy demand development under business-as-usual conditions for the scenario period until 2050. These trends serve as a Reference scenario for demand development (REF). We then develop an Energy [R]evolution scenario (E[R]) assuming major changes in the energy system and policy. To achieve the CO 2 target, the E[R] envisages the expansion of renewable energy technologies and the exploitation of the large efficiency potential [14] . At the same time nuclear power is phased out due to sustainability concerns.
Starting from the target of 0.6 t/cap of CO 2 per year in 2050 we identify by back-casting, how the various energy sectors need to transform towards a predominantly renewable energy system. Efficiency potentials in all sectors are based on currently available best practice technology. Additionally the installation of new renewable technologies respects the limitations of the sustainable potential of each resource, specifically with respect to land use, biomass consumption and large hydro power plants. The Energy [R]evolution scenarios address the feasibility of technological solutions. Thus, the general drivers of energy demand-population and GDP growth-remain unchanged from the REF scenario.
Our heuristic approach integrates detailed information from other national and international studies as well as expert knowledge on restrictions such as the expected technical development, national renewable energy potentials and potentials for the deployment of district heat, efficiency potentials etc.
The Energy [R]evolution scenarios represent technically feasible and in itself consistent pathways for the energy system, covering a time range from 2012 (starting year) to 2050 with snapshots for every decade. Our scenarios aim at a modeling exercise according to standards of transparency and replicability as proposed by [98] . Thus we provide transparency for model, assumptions and premises above and in the Supplementary Material. The input data is presented in the next section and the full output is included in the Supplementary Material.
Input Data and Premises
We develop a detailed input data set for each country, considering efficiency potentials, renewable energy potentials, and technical parameters for power, heat and fuel generation technologies in the energy systems. For each country the model was calibrated against the national energy balance: For the years 2007, 2009, 2010 and 2012, the model parameters were adapted so that final and primary energy demand for each fuel type in each sector match the values in the energy balance by adapting the market shares of primary fuel and energy sources as well as efficiencies in the transformation sector [99, 100] .
Projection of Final Energy Demand in the REF Scenario Based on Key Drivers
Final energy demand in the REF scenarios is mainly based on the Current Policy Scenario of the World Energy Outlook (WEO) [30] , where population growth and economic development are key drivers for energy demand modeling [5, 101] . This scenario extrapolates the effect of existing international energy and environmental policies into the future until 2040 on regional level in a business-as-usual approach, but does not take into account any additional policies, incentives or measures to improve energy efficiency or the deployment of renewable energies. For Brazil, the WEO provides a specific national Current Policy Scenario. We adapted the energy demand for our REF energy demand according to a more recent national projection for GDP as presented in [102] . For Mexico, the WEO scenario for the OECD Americas without USA was disaggregated to Mexico, Canada and Chile, using projections of population development data [103] , GDP [104] and statistics on national energy demand and supply [105] . We extended the scenarios to 2050 along the trends for GDP and population, similar to [14] .
Population is projected according to the medium variant of the World Population Prospects [103] (Table 1) , with 227 Mio cap in Brazil and 148 Mio cap in Mexico by 2050. Table 1 also includes projections for economic growth. Since 1999, each 1% increase in global GDP has been accompanied by a 0.6% increase in primary energy consumption until 2012 [30] . GDP on country level for Mexico is based on regional growth rates from the WEO for OECD North America [30] and extensions to 2050 by [14] . For Brazil the GDP development was adapted according to estimations from national experts and national banks [102, 106] . For comparison reasons, all data on economic development refers to purchasing power adjusted GDP (PPP) (compare [30] ). (Sources: population form [103] ; GDP growth from [30, 102, 104] , extended to 2050 by [14] ; PPP = purchasing power parity).
Efficiency Potentials in the Energy [R]evolution Scenario
Decoupling GHG emissions from economic growth is a major target for a more sustainable energy pathway. Up to now a slight decoupling has occurred in the Latin America: A decrease in carbon footprint by 11% is reported by [107] , while GDP increased by 3% in the last decade. On global level, IEA just recently announced the second year of decoupling of GDP and GHG in a row [108] . One major measure to achieve this decoupling is the implementation of available efficiency potentials. For Brazil a detailed assessment of efficiency potentials by 2030 and 2050 is provided for the Energy [R]evolution scenario by [106] , calculating technical efficiency potentials for major industries and the residential sector under the assumption of current state of the art technology.
The Mexican scenario was not accompanied by a specific efficiency assessment study. Thus efficiency assumptions rely on technical efficiency potentials for OECD North America for the global Energy [R]evolution Scenario 2010 [12] . Details about assumptions for energy efficiency improvement in industries and others can be found in [109] . For the Mexican scenario, we implement 80% of these technical efficiency potentials by 2050.
Both approaches result in similar efficiency potentials (Table 2) for the main sectors of the model. For both countries, those efficiency potentials were gradually implemented from 2020 on. Identification of efficiency potentials in the transport sector requires a different approach: besides the significant potential for technical development of individual propulsion technologies, future energy demand is largely dependent on the modal split and the share of "new" propulsion technologies such as battery electric vehicles (BEV) or H 2 fuel cell vehicles. For Brazil, the future development pathway is based on a specific assessment from [110] . This bottom up study projects future demand in transport service, in person km for passengers and ton km for freight and assesses potential shifts towards more efficient transport modes such as busses and trains. Next, efficiency potentials for existing transport technologies are implemented and the potential introduction of new vehicle types, such as electric vehicles and hydrogen buses is estimated. The resulting fuel demand for each transport mode is used in the Energy [R]evolution Scenario.
For Mexico modal shifts and efficiency improvements rely on a similar study on car technologies and fleet scenarios for the complete transport sector of OCED North America, developed within [11] . Both described studies consider a major shift towards electric mobility especially for passenger cars as well as a shift towards more efficient transport modes, without reducing overall transport service. However, strategies and results for transport and energy supply differ considerably as described in the results section.
Renewable Energy Potential
Available potentials limit the expansion of renewable energy within the energy system. We assessed the potential of wind and solar resources for power generation by applying an extensive global renewable potential database [111] . The data base provides full load hours-potential-curves for on-and offshore wind, photovoltaics and concentrating solar power at a high geographical resolution. While these full load hours are securely available today, this data potentially underestimates the future power production from variable renewables. For example capacity factors of ground-mounted PV can be significantly improved by tracking systems, potentially reducing the specific power generation costs. The extension of PV generation to the morning and evening hours could also reduce the need for storage. Still we stick to this comparatively conservative approach to avoid overestimation.
Variability for biomass potential assessments is specifically high, depending on sustainability limits. For comparability, we rely on global studies for national biomass potential which include both countries. While [112] conservatively calculate biomass residue potentials of at least 7200 PJ/a for Brazil and 400 PJ/a for Mexico, [113] calculate 11,690 PJ of biofuel potential for Brazil and 1100 PJ for Mexico in a medium case. Additional assessments for Brazil accounted for 600 Mio t of dry matter of biomass [114] (equal to 9600 PJ primary energy), or calculate potentials for power from bioenergy between 13-27 GW [53, 115] . For Mexico, national studies calculated an energy potential of 1200-1400 PJ/a [40, 116] . Table 3 gives an overview of the applied limits for renewable energy potentials. Large hydro applications face serious objections with regard to sustainability, specifically with regard to land use and relocation of population and emissions [6, 117, 118] . Therefore, the extension of hydro power especially in Brazil is limited to facilities currently under construction, as derived from [95] .
Technology and Cost Assumptions
The input data of both fossil and renewable energy technologies is based on the regional data for OECD Americas and Latin America from the latest global Energy [R]evolution scenario 2015 [14] . Efficiency assumptions and full load hours for the current power system are derived from the respective national energy balance (Ref. [51] for Brazil, Ref. [99] for Mexico). National emission factors for fossil technologies are calibrated with data from [119] . Future technology and cost development for fossil and renewable power and CHP plants is based on [14] and adapted for Brazil according to [102] . For comparability the same investment costs were applied for Mexico. Table 4 gives an overview over the applied investment costs. Discount rates were set to 6%. Fossil fuel prices (Table 5) are also based on the WEO 2014 Current Policy scenario [30] , extended to 2050 by own assumptions. As there is no world market for natural gas, prices for US were adopted for Mexico and Brazil. Biomass costs are derived from a cost potential curve from [19] , representing cheaper costs for Brazil at high availability and in contrast higher costs for Mexico at lower availability. These input data on drivers, technologies and costs provide the background for the energy system simulation. Its results are presented in the following section.
Results and Discussion
First, we identify effects of efficiency measures, which serve as a precondition for developing the demand pathway. Next, we provide an overview of the transformation of the supply structure across the heating, transport and power sectors, followed by the assessment of the primary energy supply. Finally, we give an outlook on CO 2 emissions and the levelized costs of electricity (LCOE) resulting from such a renewable energy system. A complete overview over the modeling output for all scenario years is presented in the Supplementary Material (S2).
Energy Efficiency
Population and economic development differ considerably between both countries across the scenario period, leading to a slower demand growth in the REF scenario in Brazil compared with Mexico. Additionally, in Brazil, final energy demand remains rather stable until 2020 (Figure 2 ), reflecting the current economic crisis and a low GDP growth projection. In contrast, final energy consumption in Mexico increases continuously in the REF scenario. The energy efficiency measures in the Energy [R]evolution scenario result in a substantial reduction in energy demand in both countries on a different level. Efficiency potentials from the specific Brazilian study result in a strong demand reduction (−21% compared to 2012). In Mexico, in contrast, the effects of economic growth and an increased population on energy demand outweigh energy savings from efficiency. Final energy consumption in Mexico increases by 17% between 2012 and 2050. The allocation of demand between the various sectors also reflects the different economic development in both countries (Figure 2) . Today, Brazil's industry sector represents 40% of the final energy demand, followed by transport (38%), while in Mexico transport demand (48%) exceeds industrial demand (28%) by far. Residential and commerce start with the smallest share in final energy consumption in both countries, which increases over the scenario period.
One reason for the currently low share of the residential and commerce sector in total final energy consumption is the warm climate, with limits space heating demand: In tropical Brazil the residential & service sectors consume 5 GJ/cap of fuels in 2012. Mexico's more varying climate leads to only a slightly higher demand at 6 GJ/cap. In contrast, fuel demand in this sector in the US accounts for 31 GJ/cap (own calculations based on [105] ). The gradually increasing demand shares in residential & service reflect the expected increase in living standards, starting from rather low levels in large parts of rural Brazil and Mexico. In particular in developing countries and newly industrialized countries, the increase in prosperity might counteract efficiency gains. This results in in an increasing energy demand despite of technical efficiency improvements.
Even though the input studies on efficiency potentials apply a similar approach, the effects on the resulting final energy consumption differ largely between the countries. While the Mexico Energy [R]evolution scenario shows a similar demand reduction in each sector, Brazil sees specifically high demand reductions in transport. This implies that even though both studies address efficiency in technical potentials, these potentials still are largely dependent on social, economic and political aspects, such as appliance exchange rates. For example effects of GDP growth on appliance life time and turn over or rebound effects are not accounted for, leaving a large range of uncertainty for the efficiency potentials. Implementing these energy efficiency measures is an essential pillar of a sustainable energy supply. Limiting future growth of energy consumption even in newly industrialized countries, without limiting economic development is a precondition for a successful transition towards a mainly renewable energy supply system.
For both countries the transport sector can realize the highest energy savings compared to the start year. However it must be noted that the electrification of power trains-a main factor for reducing energy demand-mainly shifts transformation losses towards the power supply sector and thus from final to primary energy, as long as power supply is dominated by combustion power plants of fuels, as is currently the case in Mexico. Transport electrification therefore needs to be accompanied by increased efficiency in power plants and an increasing renewable power supply to realize energy savings also on the primary energy level. This is also valid for the heat sector. Today, residential heating in Brazil and Mexico mostly relies on traditional biomass (defined as basic technologies used to cook or heat with solid by IEA [30] ). A transition to modern biomass appliances (e.g., biogas and CHP) in the residential sector increases efficiency. At the same time, this measure tackles other sustainability risks such as indoor pollution and health problems as well as deforestation [120] . Additionally renewable electrification provides opportunities for efficiency improvements, e.g., replacing fuel demand for cooking and other process heat by wind and solar power. Table 6 shows results for the final energy demand for heat and transport, the power demand as well as the effect of the electrification strategy on power demand for heat and transport in the Energy [R]evolution scenario. While there is only a moderate increase in heat supply, power supply sees an over proportional increase in demand. This is the combined effect of increasing demand for energy services, efficiency increases and electrification of heat and transport. In Brazil power demand doubles over the scenario period, while in Mexico it even triples. Electricity for heat and transport accounts for more than 1 4 of total electricity demand in 2050 in each country.
Energy Supply by Sector in the Energy [R]evolution Scenario

Transport
The modal split and technology shares of energy demand for transport in the Energy [R]evolution scenario vary significantly between Brazil and Mexico. This is mainly due to the different initial conditions and the significantly different supply strategy in each country. As can be seen in Table 7 , the Brazilian scenario includes a limited expansion of aviation, shifting transport demand to other long distance travel modes such as trains. As Brazil is world leader in ethanol cars, biofuels are regarded as a main strategy for the decarbonisation of future transport in Brazil. (Source: own calculations based on [11, 110] ).
Brazil has an extraordinarily large biomass potential at competitive prices that supplies 15% of transport fuels already today. In the scenario, it predominantly extends the biofuel share to 75% in 2050 (Figure 3 ). Due to rather low incomes in Brazil, the potential of electric vehicles is limited, mainly to hybrid drives. Thus, the Energy [R]evolution scenario relies on a massive expansion of biofuel use in this country. In contrast, Mexico lacks the biomass potentials required to adopt such a strategy. As a consequence, Mexico's Energy [R]evolution scenario applies a different decarbonisation strategy for the transport sector, based on electrification: In 2050, individual road transport is dominated by battery electric vehicles (BEV) and electric range extender cars. Especially for heavy duty vehicles hydrogen fuel cells play a major role in 2050. This will be supported by the massive investments in the Bus Rapid Transport systems already on the way [107] . With higher incomes in Mexico broader introduction of electro-mobility in private cars also appears to be more feasible.
The electrification of the transport system increasingly couples transport and power sectors. This on the one hand leads to additional burdens for the power sector, which needs to provide additional capacity; however, strategic charging of electric vehicles provides benefits for the integration of variable renewable energies, especially at renewable shares above 85% [121] .
This holds also true for hydrogen production. In the long run, direct electricity use needs to be supplemented by hydrogen from renewable sources to achieve a predominantly renewable transport supply because battery capacities limit the deployment of BEV for long-range heavy duty freight transport. Figure 3 shows that biomass alone can only provide a moderate 12% share in the transport sector in Mexico, if biomass consumption is balanced between demand sectors. Mexico therefore needs to apply a broader diversification of transport technologies than Brazil, if transport is supposed to meet the CO 2 reduction targets.
Heat Supply
Biomass is the main renewable source in the heat sector today (Figure 4) . With a shift from inefficient traditional biomass use towards modern biomass technologies, less biomass could provide more useful energy in the future. It can supply even high temperature process heat, e.g., via anaerobic digestion to biogas or gasification. This is specifically important for industry sectors such as glass and ceramics production, cement and lime production, and iron and steel production where up to 90% of process heat demand requires temperatures above 500 • C [122, 123] . Strict limitations of biomass, also due to food competition concerns lead to a rather different strategy in the Mexican heat supply. Large solar potentials at high levels of irradiation may lead to solar as a main heat source in Mexico. Concentrating solar collectors can even supply medium to high temperatures for process heat [124] . Thus, solar collectors provide 35% of total heat in the Energy [R]evolution scenario, followed by geothermal energy and electric heat (including heat pumps), which provide an additional 31%. Overall, this strategy achieves an 85% renewable heat supply by 2050.
Electricity increasingly plays a role in the heat sector, both for low temperature heat e.g., via heat pumps as well as for high temperature heat demand as for process heat. Heat pumps can also be applied for upgrading waste heat, enhancing efficiency. Additionally this intensified coupling with the power sector helps balancing variable renewable power sources, e.g., via heat storage. Additionally even higher electricity shares may be debatable, considering the abundance of renewable power sources in both countries. Perspectives for power to heat (e.g., via heat pumps or direct heating including heat storage) might change with the increasing supply of fluctuating renewable power, as currently is the case in Germany [125] .
Power Supply
The electricity sector features the largest variety of renewable energy technologies. Figure 5 reflects the strategy, to integrate high shares of fluctuating renewable power, which are available at comparatively cheap costs. PV and wind power have seen considerable cost reduction in the last years [126, 127] . At the same time significant capacity of dispatchable power plants is included in order to ensure security of supply. Today, Brazil relies on an extraordinarily high share of renewable power of 83%, mainly from its abundant hydro resources. With restricted extension of large hydro power plants due to environmental concerns and a doubling in power demand until 2050, it will be a major challenge to maintain this high renewable share, in particular due to expected water shortages which may reduce hydro power production in the coming decades [48] . According to the scenario, by 2050 more than half of the Brazilian power comes from other renewable sources, wind (25%) and PV plants (14%) providing the main shares. Smaller shares are provided by dispatchable biomass (8%) and CSP (6%), backing up the remaining hydro power. The Energy [R]evolution scenario diversifies the electricity system and increases the total share of renewables to 100% ( Figure 5 ). This transformation requires a different set of power plants and leads to an over-proportional capacity increase (see Table 8 ). By 2050, the Energy [R]evolution Scenario envisages a substantial installation of renewable capacity in each country. In Brazil this scenario would require 350 GW of installed capacity, 1/3 would be covered by hydro, including the capacity currently under construction. Hydropower remains the backbone of a secure power supply as is shown in Table 8 . Especially PV (28%) requires larger capacity, given its low full load hours. Biomass and CSP provide security with comparatively low installed capacities (7% each). In Mexico in the future RE technologies need to substitute the currently 86% of fossil fuel power supply. This requires a variable and storable power source for grid stability, complementing fluctuating wind and PV power. Thus, CSP plants with integrated thermal storage provide the necessary secured capacity in the Energy [R]evolution Scenario. Considering the high irradiation potential in Mexico, 17% of power comes from CSP by 2050. This is complemented by 30% of wind and 32% of PV power. 7% of power production remains from natural gas.
In Mexico, the power generation capacity needs to increase by nearly a factor of 5 to supply the increasing electricity demand at a high share of renewable energies with lower full load hours than fossil power plants. Wind turbines and PV account for 74% of total capacity. Secured capacity can be provided by dispatchable power plants such as CSP (8% of total capacity), biomass, hydro and geothermal (2% each). Still, the remaining gas power plants represent 10% of the total capacity. They serve as backup systems with very low full load hours, balancing wind and PV power. Additional flexibility demand can be provided by batteries, demand side management (such as controlled loading of battery electric vehicles), and long-range balancing of supply and demand via the (reinforced) electricity grid. However, these flexibility options have not been assessed quantitatively in the Mexico scenario.
With nuclear currently providing less than 3% of power production in both Brazil and Mexico, the phasing out of this technology does not lead to a considerable restructuring of both countries' power systems. Even though our simulation model does not take into account any seasonal or intra-daily variability of energy demand and supply, the optimization run of the REMix model for Brazil shows, that nuclear is easily compensated by dispatchable renewable technologies. With CSP as a dispatchable power backbone in Mexico, we assume that nuclear can equally be replaced by renewables here. Meanwhile also other scenarios have proven the technical and economic viability of a 100% renewable power supply for Mexico [128] and therefore support these results.
In both countries the additional capacity will not only provide for increased direct power demand, but also for additional demands from electric transport and electric heat applications. Our calculations show the technical feasibility of such a sector coupling even under much higher shares of renewables as projected in the above presented optimization studies [44, 72, 78] or national strategies [47, 86] for Brazil and Mexico.
The two scenarios developed here for Brazil and Mexico describe possible future developments of the energy system in these two countries, which are technically feasible and economically viable (see Section 3.3) under the cost assumptions made here. One of the basic features of these scenarios is a rather broad technology mix in both the heat and power sectors. However, our scenarios describe only one of the feasible solutions to decarbonize the energy system in those countries. While we provide a well-balanced and stable energy system set up, with high resilience towards future insecurities as e.g., resource limits, we do not claim to provide a cost-optimal solution. Given the current dynamic development of the global wind and PV markets as well as the expected market expansion and price reduction of batteries, decarbonization scenarios for many countries are discussed in which power generation is almost entirely based on wind and PV. This is supported by the current market expansion, reaching 80 GW of PV and more than 50 GW of wind installations in 2017 [129, 130] . It is proposed that the system flexibility which is necessary to integrate those intermittent renewables in the energy system is provided by batteries and/or (off-grid) pumped hydro storages (see e.g., [131] )-in contrast to e.g., CSP or gas power plants in our scenario. It has to be clearly stated that our scenarios describe a different, albeit equally possible future. We have valid reasons to supplement wind, PV and hydro in our scenario with other renewable technologies such as CSP and geothermal, which can balance intermittent power sources also beyond 80% of renewable power. Challenges for the system integration of renewable power sources increase with higher shares of intermittent renewable power production. The current dynamic market development of wind and PV takes place in an energy system which is still characterized by dispatchable conventional power plants providing enough flexibility. System advantages of dispatchable technologies such as CSP and pumped hydro (e.g., electricity storage, demand side management, load balancing via grid expansion etc.) manifest specifically on the long run, at much higher shares of wind and PV than today. CSP provides an additional alternative to pumped hydro storage, which often faces low social acceptance due to rather high interventions in nature and landscape; or to batteries with potentially high environmental and resource demand impacts [132, 133] . In Brazil, CSP power plants are expected to provide a stability supplement to the energy system [66, 70, 71] . For Brazil, different power supply structures have been studies in the related publication [95] . They include variations in the supply shares and/or costs of wind, PV, CSP, and battery storage. We found that predefined capacities of PV and CSP do not significantly increase the overall system costs in 2050. The same applies to the consideration of higher wind and CSP costs, as well as lower battery storage costs, which however influence the contribution of individual technologies on the supply costs. The paper shows a high degree of freedom in the technology choice for Brazil in a 100% renewable power supply, which is certainly favored by the large amount of existing hydro generation and especially hydro reservoir capacity. We consider CSP, hydro, geothermal and biomass as promising and complementing technological options to meet the large challenges when pushing towards 100% renewable power. These technologies should be developed early on and may pave the way for more wind and PV. Thus our scenario adds to a broader discussion of renewable energy scenarios, proposing a wider portfolio of power generation and flexibility technologies than current market developments suggest. In the next step we therefore examine the economic effects of the power sector.
Power Generation Costs
Ex-post analysis of power production costs in the Energy [R]evolution scenario for Brazil and Mexico shows that a renewable power system pays off in the long run. Increasing LCOE during the next decade is a result of both massive investment in renewable technologies and strongly increasing fuel prices in the remaining fossil power production. Both, fossil and renewable plants are necessary to satisfy the strongly growing demand. From 2030 on renewables in Brazil and Mexico help curbing power costs, in spite of still growing fuel costs for coal and gas as well as oil ( Figure 6 ). Our simulations indicate, that even higher shares of renewables in power sector would be economically feasible and beneficial, than most above mentioned explorative scenarios suggest: While IRENA and SENER consider 42-46% renewable power feasible for Mexico in 2030 [44, 46] , the Energy [R]evolution Scenario achieves 67% in the same year. For Brazil all scenarios in [78] apply nuclear and/or CCS in 2050, even under strict GHG mitigation policy, whereas the Energy [R]evolution scenario assumes a 100% renewable power supply.
Cost calculations however strongly depend on the validity of input cost assumptions. Fuel prices have been very variable in the past. Furthermore, the development of investment costs for renewable power generation is uncertain. Therefore the fuel cost projections shown in as well as the absolute values of LCOE are subject to a high uncertainty, as is the case for any long term cost analysis. Within a global context a simultaneous transition of power systems might dampen price increase in fossil fuels, as is expected e.g., in the 450 ppm scenario of the WEO [30] . However we did not calculate scenarios for different price pathways. Still, our heuristic approach for normative scenarios including ex-post cost analysis is less vulnerable to cost uncertainty than optimization scenarios.
In contrast to this large uncertainties our assumptions on investment costs are backed by recent assumptions by the IEA [134] , which find similar investment costs for fossil and renewable technologies for 2040. Still, our simulation lacks in quantifying future costs for additional infrastructure such as grid and storage. In a parametric study for Europe, variable renewable energy integration costs of about 4.5-6.5 $/MWh have been identified for systems with PV and wind supply shares in the range of 20-30% of the demand each [135] . These costs include storage, grid, and curtailment. In an alternative study for Australia, integration costs have been estimated to lie between 19 and 23 $/MWh [131] . Adding the integration costs to the power generation LCOE values calculated here (65-80 $/GWh, see Figure 6 ), overall LCOE between 70 and 100 $/MWh are obtained.
Primary Energy Demand and CO 2 Emissions
The simulation eventually calculates primary energy demand and CO 2 emissions in the overall energy system (Figure 7) . Brazil is mainly relying on the already available and implemented hydro power and biomass throughout the Energy [R]evolution scenario. Only after 2030, Brazils renewable portfolio is extended significantly to solar and wind, which today are already marketable [126, 136] . Biomass remains the main pillar of the renewable energy supply in this scenario, delivering half of the total primary energy supply in 2050. Mexico hosts a broader variety of new renewable technologies in the energy system, resulting in a share of 78% renewables in primary energy. The remaining fossil energy is mainly due to grid stability and high temperature process heat required in the industry sector. Mexico in particular could exploit its large solar potential, providing 35% of primary energy supply and extend the use of geothermal energy, which is already part of the current energy system. Brazil and Mexico start with different amounts of CO 2 emissions, reflecting different energy demand and supply structures in their current energy systems. Nevertheless, both countries can significantly reduce emissions along the identified global per capita targets and therefore significantly contribute to the Paris treaty. However, in 2050, our results indicate zero emissions for Brazil but 0.5 t/cap for Mexico. This level depends mainly on the development in the dominant renewable technologies since the available renewable potential is large in both countries. In 2050, Brazil will rely on already well developed hydro and biomass, while Mexico will depend on significant technology development in "new" renewables. For these a significant cost improvement is projected for the next years according to the IEA [137] and significant market development is expected e.g., in PV markets [126] . For both countries, the predominantly renewable energy systems are technically feasible and economically beneficial in the long run. Nevertheless, the large share of intermittent renewable power resources in Mexico requires that natural gas-fired backup and CSP plants to stabilize national power production.
It is also clear, that this normative scenario will not be achieved based on existing expansion of renewables [138] . Comparing our target oriented scenarios with the existing scenario literature (see Section 1), we identify a large difference to the explorative scenarios with regard to deployment of renewables [32, 44, 46, 78] . There, projections for Brazil and Mexico suggest much lower shares of renewables in the future energy system. These differences clearly demonstrate the complementary nature of both approaches-exploratory and normative. While the explorative scenarios identify the track of current and planned policy, the normative approach provides an additional outlook on what is technologically feasible within given economic boundaries. Given the demonstrated technical feasibility, a comparison of our normative scenarios with the explorative scenarios identifies the gap policy has to bridge to achieve a decarbonized energy system and thus the climate targets. The normative scenarios highlight the need for additional political measures, which result in an expansion of renewables. This can improve the societal and economic environment for emerging technologies, helping to implement efficiency and renewable energy technologies.
Conclusions
Given the global goal of decarbonisation, especially newly industrialized countries face the problem that economic growth almost inevitably triggers a higher energy demand and thus higher CO 2 emissions. Still, if the Paris agreement is to be implemented, any growing economy has to be reconciled with lower GHG emissions. This study shows via normative scenario modelling for both Brazil and Mexico that this is indeed possible: We provide target-oriented scenarios until 2050, implementing a major reduction of CO 2 emissions across the whole energy system-including heat, transport and power.
Brazil and Mexico have very different starting conditions with respect to the current deployment of renewable energies for power, heat and transport, and with respect to potentials of hydropower, solar energy, and biomass. As a consequence, their transformation pathways towards more sustainable energy systems are very different-despite similar targets. Thus, the different transformation strategies in both countries may serve as blueprints for decarbonisation strategies in other newly industrialized countries in Latin America or elsewhere.
One main result of our study is that renewable energy can enable significant CO 2 emission reductions if accompanied by efficiency measures and sector coupling. A massive integration of renewable energy technologies across all demand sectors-including heat and transport-is technically feasible. We demonstrate the feasibility of an (almost) 100% renewable energy system in two large newly industrialized countries in Latin America that are characterized by a strong growth in energy demand due to growing economy, prosperity and population. Despite the strong increase in energy demand, the transformation is also economically feasible.
Already today, the share of renewable energy in Brazil's primary energy demand exceeds 40%. Brazil benefits from large potentials of hydro power as well as biomass, which can be used to replace fossil fuels in the power, heat, and transport sectors. The dispatchability of hydro power and power from biomass facilitates the integration of other, fluctuating power sources such as PV and wind which increasingly contribute to power production in the future. In the transport sector, fossil fuels are replaced by biofuels. An additional infrastructure for hydrogen cars is not required. Also in the heat sector biomass can supply even larger shares than today, specifically replacing fossil high temperature process heat.
Mexico, in contrast, starts with much lower shares of renewable energy today. Hence, an even more challenging transition than in Brazil is necessary to achieve the climate goals, as it is proposed in the Energy [R]evolution Scenario. In accordance with Mexico's renewable energy potentials, the strategy for a low carbon energy supply in Mexico needs to implement mainly solar, wind and geothermal technologies. This implies strong efforts to invest in the development and deployment of technologies, such as PV, wind, CSP and geothermal power production, not all of which are already market-ready and economic today. Due to limited sustainable biomass potentials, the decarbonisation of the transport sectors requires a comprehensive roll-out of new technologies such as battery electric vehicles and hydrogen fuel cell cars. The heat sector needs specific efforts to promote solar collectors and geothermal heat applications, which need to become the major heat sources.
Both the transformation pathways in Brazil and in Mexico face enormous challenges. First there is the speed of the transformation process itself. Demand growth requires an even faster deployment of renewable energies in newly industrialized countries than in the US or the EU: Right now a fast expansion of wind and PV plants is necessary. This is followed by the expansion of dispatchable power sources and additional system flexibility (electricity grid, storages, dispatchable backup power plants) in the long run. Here, Brazil with its large share of hydro and biomass has a good point of departure. For Mexico, the dispatchable capacity through CSP can play a major role. Here it is essential to avoid lock-in effects which occur in the long run, if new (inflexible) fossil power plants are constructed in the near future to meet increasing power demand. A second challenge is the sector coupling. Markets for electric and hydrogen vehicles, as well as electric heating need to be promoted to exploit synergies between decarbonizing heat and transport on the one hand, and to provide system services for the power sector on the other.
Ambitious goals require political commitment for a massive deployment of renewable energy technologies: Our scenarios are unlikely to come true if current policies are continued. A comparison of our strictly normative scenarios with existing explorative scenarios shows that the current and discussed political measures to reduce CO 2 emissions are clearly not enough to make this vision reality. Policy needs to improve the framework conditions for deployment of renewable energy and improve market integration of new technologies also in the heat and transport sector. This will foster renewable energy technologies, further reducing costs and unlocking CO 2 reduction potentials on global level to achieve the Paris Treaty targets.
Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/11/4/907/s1, Table S1 : model input, Table S2 : model results.
